THE BINDING OF PENICILLIN IN RELATION TO ITS CYTOTOXIC ACTION : III. THE BINDING OF PENICILLIN BY MAMMALIAN CELLS IN TISSUE CULTURE (HELA AND L STRAINS) by Eagle, Harry
THE BINDING OF PENICILLIN IN RELATION TO ITS CYTOTOXIC 
ACTION 
III.  Tm~ BINDING OF PENICILLIN BY MAMMALIAN CELLS IN TISSUE CULX'URE 
(HxLA Am) L S~.ms) 
Bx HARRY EAGLE, M.D. 
(From  the  Section  on Experimental  Therapeutics,  Laboratory of Infectious  Diseases, 
National Microbiological Institute,  National Institutes  of Hee2tk,* Betkesda) 
(Received for publication, February 23, 1954) 
One of the most striking properties of penicillin is its relative non-toxicity 
for mammals, as well as for mammalian cells in tissue culture (1). The present 
experiments were undertaken to determine (a)  whether this lack of suscepti- 
bility reflects an impermeability  of the mammalian cell to penicillin; (b) whether 
instead, penicillin does get into the cell, but combines with the cellular com- 
ponents to only a  limited degree, as has been shown to be the case with most 
naturally resistant bacteria  (2,  9);  or  finally,  (c)  whether  the  penicillin is 
rapidly degraded within the cell, as has been demonstrated with EsckericMa coli 
(2)  and some strains of Proteus  (9). 
Materials and Metkods 
The degree of binding was determined  by using radioactive  (Sa6-labelled) penicillin G 
and measuring the radioactivity of the sedimented cells as previously described (2). 
Two cell lines were used, the L strain of mouse fibroblasts propagated from s single cell 
by Earle  (3), and the HeLs strain cultured from a human uterine carcinoma by C-ey (4). 
Both these strains could be cultured directly on glass overlaid with culture fluid, permitting 
the handling of the cells by the same techniques and procedures previously described for 
bacterial cultures (2). The L strain was grown in a medium containing 5 per cent horse serum, 
20 per cent chick embryo extract ultratiltrate,  and 75 per cent Earle's balanced salt solution. 
In some experiments, the cells were grown in free suspension as recently described by Earle 
el a/. (5). The Helm strain was similarly grown on glass in a medium containing  20 per cent 
human serum, 10 per cent chick embryo extract  ultrafiltrate,  2 per cent chick embryo ex- 
tract (EE-50), and 68 per cent balanced salt solution. With both cell lines, 50 to 100 ~g. of 
streptomycin  per  mi. were added  to  the medium  to protect  against  contamination,  and 
chloramphenicol was also used in a few experiments at a concentration of 100 ~g. per ml. 
The tissue culture reagents were purchased from Microbiological Associates, Bethesda. 
We are indebted to the Schenley Laboratories for the generous supply of penicillinase used 
in these experiments. The SSS-labelled  penicillin was obtained from the Abbott Laboratories 
(of. reference 2 for details of specific activity), and was added directly to the culture medium 
in flasks containing heavy cell growth. As in the previous papers, the measured S  s5 content 
of the cells is given in the tables in terms of its penicillin equivalent. 
* Public Health Service, United States Department of Health,  Education,  and Welfare. 
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EXPERIMIENTAL 
A.  Penicillin Binding by Cells and Cell-Free Extracts 
As illustrated in the upper, left-hand portion of Fig. 1, at low concentrations 
of penicillin (e.g., 0.001 to 0.01/zg. per ml.), a sensitive organism such as Diplo- 
coccus pneumoniae or Streptococcus  pyogenes concentrated the antibiotic 50- to 
200-fold. However, as shown in the lower portion of the figure, when growing 
mouse fibroblasts were similarly exposed to radioactive penicillin, the concen- 
tration of S  35 inside the cell, expressed in terms of its penicillin equivalent, was 
consistently less than that in the surrounding fluid, and of the same order of 
magnitude as would be expected on the basis of a simple diffusion equilibrium 
(cf.  also upper portion of Table I).  The fluid content of the  cells averaged 
85 to 90 per cent; and the cellular concentration of penicillin varied between 
35 and 100 per cent that in the surrounding fluid. In no case had the antibiotic 
been concentrated by the cells to an important degree. 
When the cells which had been exposed to penicillin were washed, most of the 
radioactive material was removed. On bioassay, this eluate proved to be ac- 
tively bactericidal, and the radioactive material in large part was presumably 
penicillin as such. As shown in the bottom half of Table I, some "penicillin', 
remained attached to the washed cells, and per unit cell volume varied between 
2 and 8 per cent of the concentration in the surrounding fluid, averaging 5 per 
cent. The non-specific nature of this binding was, however, clearly indicated 
by  the  fact  that  penicillinase-inactivated material  was  bound  to  the  same 
degree as the biologically active material, throughout the entire concentration 
range studied  (c/. lower  portions of Fig.  1 and Table I).  The  contrast  be- 
tween  mouse  fibroblasts  and  penicillin-sensitive  bacteria  with  respect to 
the amounts of penicillin bound and retained after washing,  and  their simi- 
larity to penicillin-insensitive organisms, are shown in Fig. 2. 
Qualitatively similar results were obtained in a  limited number of experi- 
ments with the HeLa strain of uterine carcinoma cells (Table II). As with the L 
strain, penicillin was not concentrated by the cells; and most of the cellular 
"penicillin"  was  removed on washing. 
When cell-free extracts prepared from the "L"  culture by sonic vibration 
were exposed to penicillin, the amounts of penicillin bound by the components 
sedimentable at 68,000  to 144,000 g were comparable with those bound by the 
intact cells,  and much lower than  those bound by the extracts of sensitive 
bacteria similarly exposed (Table III). Thus, at a  penicillin concentration of 
0.1/zg. per ml., sonic extracts of the strain L  fibroblast bound 0.06 ttg. per gm. 
dry weight,  as compared with 4.9  /zg. per gin.  for sonic extracts of Strepto- 
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B.  Penicillin Inactivation 
With Escherichia  coli  (K-12),  it had been found  that  when bacteria which 
had been exposed to penicillin were washed, the radioactive material removed 
from the cell was not bactericidal: the antibiotic had been degraded within the 
TABLE I 
The Failure of Mouse Fibroblasts (L Strain) in Tissue Culture to Concentrate Penicillin or Penicilloic 
Acid from the Medium 
Cells were grown either directly on glass in flat quart flasks, or in suspended culture as described 
by Earle et al. (5). After 4 to 7 days, when heavy growth had been established, S85-1abelled  penicillin 
was added to the medium, and the flasks incubated at 37  ° for 3 to 24 hours.  The cells were then 
centrifuged, and the measured  sediment resuspended  directly in H20  for measurement of weight 
and radioactivity (cf. reference 2). There was no significant  differences in the cellular "penicillin" 
content whether they were incubated with penicillin (or penicilloic acid) for 3, 6, or 24 hours be- 
fore harvesting, and the various times are not distinguished in the table. 
Drug 
Penicillin 
Penicilloic 
acid* 
inceHsimmediately 
after exposure 
in washed cells 
in cellsimmediately 
after exposure 
in washed cells 
gg./ml. 
pg./ml. 
#g./gm. 
dry wdgl~ 
pg./ml. 
pg./ml. 
pg./gm. 
dry weighl 
Concentration of penicillin  (penicilloic  acid) in medium, 
ml.ml. 
0.001 
i<O.O01 
<0.001 
I 
<0.001 
{  <0.001 
(- 
0.10 
0.007 
0.0059 
0.00059 
0.00078 
0.0055 
0.0039 
0.0049 
M 
D 
0.1 
3.053 
3.044 
3.035 
3.0051 
3.0082 
3.052 
3.049 
!0.089 
3.00345 
O. 0322 
I 
1 
0.69 
0.05 
0.039 
0.5 
0.34 
m 
m 
10 
8.43 
8.3 
3.59 
3.35 
3.35 
4.0 
3.8 
3.7 
15 ; 
3.71 
6.57 
100  1000 
103  48~ 
98  46~ 
49 
7.15  37 
8.1  24 
61.7  33~ 
49.1  137 
67  89£ 
65  !114( 
6.9  2~ 
72  34t] 
* Produced by the treatment of penicillin with penicillinase. 
cell, and that degradation could contribute to the low combining affanity of this 
strain for the antibiotic, and its relative resistance. The mammalian fibroblast 
here  studied  did  not  similarly inactivate  the  intracellular free penicillin (cf. 
Table IV). As with Streptococcusfaecalis and other resistant strains, and unlike 
Escherichia call  (2), eluates of the cell contained biologically active penicillin. 
90 per cent of the total cellular "penicillin" was removed by a single extraction; 120  PENICILLIN BINDING BY MAMMALIAN  CELLS 
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FIo. 1. The failure of mouse fibroblasts to concentrate  penicillin or penicilloic acid, and 
the contrasting behavior of Diplococcus pn~monia¢. 
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FIO.  2.  The  penicillin  l~tmd  by  mouse  tibroblasts,  and  retained  after  washing,  as  com- 
pared  with  the  binding  by  illustrative  penicillin-sensitive  (Streplococcus  pyogenes)  and  peni- 
cillin-insensitive  (Escherichia  coli) bacteria. 
and on bioassay this eluate was 80 to 90 per cent as active as the equivalent 
concentration of control penicillin. 
DISCUSSION 
The failure of the mammalian cells here studied to concentrate penicillin as 
do sensitive  bacteria  could be  due  (a)  to the  relative  impermeability  of the HARRY EAGLE  121 
mammalian cell to the penicillin anion,  (b)  to the intracellular degradation of 
penicillin to a  relatively inactive compound, or  (c)  to an actually lower re- 
TABLE  II 
The Binding of Penicillin  by Human  Uterine Carcinoma Cells (HeLa Strain) 
c.f. Table I  for experimental details. 
"Penicillin"  concentra- 
tion in cells 
in cells immediately 
after exposure 
after washing 
ug.l~a.  { 
I.~g./ml.  { 
I~g./gm.  { 
dry wright 
Penicillin concentration  in 
medium, I~g./ml. 
0.I 
0.086 
10 
6.2 
100o 
558 
21.7 
17.6 
192 
110 
TABLE  III 
The  Binding  of  Penicillin  by  Sonic  ExZraas of  Mammalian  Cells 
The heavy growth on the bottom of the culture flasks was scraped into a minimum volume 
of growth medium. The packed ceils (4.4 ml.) were taken up to 22 cc. with water and placed 
in the 9 kc. Raytheon sonic oscillator for 1 hour. The opalescent solution was then clarified 
by centrifugation for 2 hours in the high speed head of the International centrifuge (approxi- 
mately 27,000 g). The resulting clear fluid contained 16.7  mg. total solid and 1.94 mg.  of 
nitrogen per cc. 7 ml. in a total volume of 10 ml. was incubated with radioactive penicillin at 
0.i and 1 #g./ml. for 2 hours at 37  °. The sedimentable components were collected by centrif- 
ugation in the No. 40 head of the Spinco ultracentrifuge at 40,000 mP.~. (68,000 to 144,000 
g),  the pellet was redissolved in water and recentrifuged preliminary to final solution and 
assay of radioactivity. The results are given in the table in terms of the penicillin equivalent 
of the S  s6 bound per gram dry weight. 
"Penicillin,"  (#g./gm.  dry  mouse fibroblasts 
weight) bound by sonic ex- 
tracts of  S. pyogenes* 
Penicillin  concentration  in medium, I~&./mL 
0.1  1 
0.06  0.645 
4.9  5.9 
*Fromreference 2. 
activity of cellular components with the antibiotic.  Several lines of evidence 
suggest that the latter is the case. (1) The cellular concentration of penicillin 
immediately after exposure ranged between 34 and  100 per cent that in the 
surrounding medium, and averaged 63 per cent. Since water averaged 85 to 90 
per cent of the total cell volume, these results are consistent with the thesis that 122  PENICILLIN BINDING BY  /~AMM&LIAN CELLS 
the  distribution  of  penicillin  between  the  cell  and  the  surrounding  fluid  is 
governed largely by a  simple diffusion equilibrium.  This was further borne out 
by the fact that most of the cellular "penicillin" was removed by washing.  (2) 
The radioactive material  in  this eluate proved almost as actively bactericidal 
as the  original  labelled penicillin,  and  was probably the unaltered  antibiotic. 
The residual  bound  material,  which per unit cell volume averaged 5  per cent 
of the  concentration  in  the  surrounding  medium,  in  large  part  reflects  non- 
specific binding,  since  biologically  inactive  penicilloic  acid  was bound  to  the 
same  degree. (3)  At  high  concentrations  in  the  surrounding  fluid  (1000  t~g. 
per  ml.),  the  cellular  concentration  (470  to  890  #g.  per  ml.)  exceeded  that 
which  could  have  been  present  even  as  a  complete  monomolecular  layer  of 
TABLE IV 
The Elution  of Biologically  Active Penicillin from  Mammalian  Cells 
Radioactive (SS~-labeUed) penicillin was added to a growing culture at a concentration  of 
10(2) #g./ml. After 3(1) hours at 37  ° the cells were suspended  in the growth medium and 
collected  by centrifugation.  The packed sediment was resuspended  in  50(40) volumes of 
dextrose broth for elution. After 1 hour at room temperature the supernatant fluid was glass 
filtered and tested for its bactericidal  activity by bioassay with S. pyogenes (6). 
Antibacterial activity  Concentration of penicillin  Total "penicillin"*  "Penicillin"* eluted on  of penicillin in eluate, 
in medium  in cells  extraction with broth  per cent:~ 
i~&./ml.  I~g./ml.  ~&./ml. cells 
10  4.85  4.375  82 
2  1.15  0.576  90 
* Based on radioactivity. 
Based on the bactericidal  activity vs. S. pyogenes in dilution  assay (6), and referred  to 
control penicillin solution as 100. 
surface-bound  penicillin.  It  is  unlikely  that  the  cell  surface  would  contain 
this density of penicillin-reactive groups. 1 (4)  Cell-free sonic extracts of mouse 
fibroblasts  bound  penicillin  to  essentially  the  same  limited  degree  as  the  in- 
tact cell. 
These findings appear to exclude either an impermeability of the cell to peni- 
cillin,  or  its  intracellular  inactivation,  as  the  reason  for  the  failure  of mam- 
malian cells to bind and concentrate  the antibiotic.  They suggest instead that, 
in contrast  to penicillin-sensitive  bacteria,  the components of the mammalian 
cell  have  an  inherently  low  reactivity  with  penicillin. 
The suggestion  has been made  that intracellular  bacteria,  e.g.  those  which 
I 1 ml. of packed mouse fibroblasts averaged 215  X  10 s cells,  giving an average cell volume 
of 4.7  X  10  -9 cc.,  an average cell  surface of  1.25  X  10  -~ cm.  2,  and a  total  surface per cc. 
packed cells of 2.7  X  10  s cm.  ~. A cellular concentration of 700 #g. of penicillin per ml. would 
represent 4  X  1014 molecules per sq. cm. cell surface, or 1 molecule per linear 5 A. HARRY  EAGLE  123 
have been taken up by phagocytes, are thereby protected from the bactericidal 
action of penicillin  (7).  If, as above indicated, biologically active penicillin 
does in fact penetrate into the mammalian cells here studied in concentrations 
which average 63  per cent those in the surrounding fluid, and if phagocytic 
cells were equally permeable to the antibiotic, the refractoriness to penicillin 
of the phagocytosed bacteria  would not be  due to  their inaccessibility, but 
would have to be explained on some other basis.  Thus,  it may be  that  the 
ingested bacteria find the cell an unfavorable environment for growth. Under 
these circumstances, for the very reason that their metabolic activity is cur- 
tailed, the organisms would be relatively refractory to penicillin. This has been 
shown to be the case in a  localized streptococcal infection after the bacterial 
population has stabilized, limited either by the local release of toxic products 
or by the quantitatively inadequate diffusion of nutrilites into the inflammatory 
focus (8). 
It is a reasonable surmise that the weak binding affinity of mammalian cells 
for penicillin is primarily responsible for its relative non-toxicity to the mam- 
malian host or to mammalian cells in culture. Sensitive bacteria bind penicillip 
strongly; and  one or more  vital celt  components which participate  in  that 
combination are presumably thereby inactivated. Mammalian cells apparently 
do not contain slmilarly reactive components, either because they do not carry 
out the  same penicillin-sensitive metabolic activity, or  because  the  cellular 
constituents which mediate it are not as reactive with the antibiotic. 
It has been generally held that the selective toxicity of chemotherapeutic 
agents for the parasite rests either on (a) differences in the accessibility to the 
drug of vital and vulnerable cell  components (e.g.  differences in cell  perme- 
ability), or (b)  qualitative or quantitive differences in the metabolic activities 
essential to the host cell and the parasite. The present experiments are, how- 
ever, consistent with the possibility first suggested by Ehrlich; i.e.,  a selective 
cytotoxic effect based on the varying reactivity with the drug of vital cellular 
components (e.g.  enzyme proteins) in the host cell and in the parasite. On this 
basis, selective toxicity is possible even when both cells  contain components 
which mediate similar and equally essential metabolic activities, and which 
are equally accessible to the drug. 
SUMMARY 
1.  (a) Mammalian cells in tissue culture (mouse fibroblasts and malignant 
human  uterine  epithelium)  did not  concentrate penicillin from  the  culture 
medium. Even at low concentrations, the cellular accumulation was usually 
less than that in the surrounding fluid, and most of it was removed by washing. 
The radioactive material in such  eluates was actively bactericidal,  and was 
presumably in large part unchanged penicillin. 
(b)  Penicilloic acid, produced by the action of penicillinase, was bound to 124  PENICILLIN  BINDING  BY  MAMMALIAN  CELLS 
the same (limited) extent as the active antibiotic. In both these respects mam- 
malian  cells  behaved  like  naturally penicillin-resistant bacteria,  and  unlike 
such  penicillin-sensitive  bacteria  as  Stret~tococcus  hvogenes  or  Diplococcus 
pneumoniae. 
2.  Cell-free sonic extracts of the L strain had the same limited reactivity with 
penicillin as  the  intact cells.  The  relatively minute amounts bound  by the 
cells are therefore not due to their impermeability, but instead reflect the in- 
herently low reactivity of the cellular constituents with penicillin. 
3.  It is suggested that the relative non-toxicity of penicillin for the mam- 
malian host, and for mammalian cells in tissue culture, may be related to this 
low order of reactivity with the antibiotic. 
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